In Diatraea saccharalis larvae, the Malpighian tubules are found along the digestive tube, extending from the middle mesenteric region to the end of the posterior intestine, where they come in contact with the rectum to form the cryptonephridium. Scanning and transmission electron microscopy of non-parasitized and parasitized larvae by Cotesia flavipes have indicated that the tubules consist of secretory and reabsorption cells. In parasitized larvae, the occurrence of hemocytes and teratocytes around the tubules is indicative of their role in immunological defense; however, they were not observed in non-parasitized larvae. At day 9 of parasitism, the mitochondria-containing vacuoles and myelin-like figures show signs of degeneration. The results of this study have confirmed that C. flavipes manipulates the physiology and biochemistry of D. saccharalis because the Malpighian tubules of the parasitized larvae remain active until the parasitoid completes its pupal stage and is released from the host organism.
Material and Methods
Larvae of D. saccharalis and adult C. flavipes were obtained from the Laboratory of Entomology of the Santa Terezinha sugar plant, Iguatemi district, Maringá/Paraná/Brazil (23˚23'54"S -52˚05'36"W). The third instar larvae of D. saccharalis were exposed to recently fecundated C. flavipes females to facilitate egg laying and parasitism. The insects were maintained in glass tubes, fed on a artificial diet [26] , and kept in a 24˚C incubator at a relative humidity of 64% ± 10% and a photoperiod of 14 h. Third and fifth instar non-parasitized larvae of D. saccharalis were also used as controls, and growth was monitored using the same conditions. D. saccharalis larvae were cold anesthetized and dissected in an insect salt solution (0.1 M NaCl, 0.1 M Na 2 HPO 4 , and 0.1 M KH 2 PO 4 ) under a stereoscopic microscope. The specimens used in this study included 10 insects at day 5 of parasitism, 10 insects at day 9 of parasitism, and 10 non-parasitized insects. The Malpighian tubules were separated into the rectal portion and the ampullar region.
Scanning Electron Microscopy
The tissues were fixed in 2.5% glutaraldehyde in 0.1 M phosphate buffer (pH 7.3) for 48 h. Post-fixation was performed using osmium tetroxide and the tissues were dehydrated across an increasing gradient of acetone solutions (30% to 100%). To complete the dehydration process, the tissues were subjected to Balzers CPD/030 critical point drying. Immediately after drying, the tissues were placed on aluminum stubs lined with doublesided tape. They were then transferred to the Balzers Union MED 010 sputtering coater and covered with a 10-nm layer of gold. The pieces were examined and photographed using a TM 3000 scanning electron microscope at the Imaging Laboratory of the Departamento de Química of the Universidade Estadual do Centro Oeste Guarapuava/Paraná/Brazil.
Transmission Electron Microscopy
D. saccharalis larvae were cold anesthetized and dissected in the insect salt solution (0.1 M NaCl, 0.1 M Na 2 HPO 4 , and 0.1 M KH 2 PO 4 ) under a stereoscopic microscope. The specimens used in the study included insects at day 5 of parasitism, 10 insects at day 9 of parasitism, and 10 non-parasitized insects. The Malpighian tubules were separated into the rectal portion and the ampullar region. The tissues were fixed in 2.5% glutaraldehyde in 0.2 M sodium cacodylate buffer (pH 7.4). Post-fixation was performed using 1% osmium tetroxide using the same buffer for 1 h and staining was conducted using 2% aqueous uranyl acetate solution at room temperature overnight. Dehydration was performed using a series of ethanol solutions of increasing concentrations (50% to 100%), followed by a solution of ethanol:acetone (1:1) and acetone P.A., both for 10 min. The tissues were then embedded in a mixture of resin and acetone for 7 h at 4˚C and in pure resin (Araldite®) for 24 h at 4˚C. The resin blocks were sectioned using an ultra-microtome and then stained with uranyl acetate and lead citrate. Analysis and imaging were performed using the transmission electron microscope JEOL JEM-1400 at 
Results
The ampullar and rectal regions of the Malpighian tubules of D. saccharalis and those parasitized by C. flavipes for 5 and 9 days showed the following characteristics;
Non-Parasitized Larvae
The insertion sites of the tubules in the intestine occurred at the transition region between the mesentery and the proctodeum through two saccular ampullae, which were positioned laterally and symmetrically in the intestinal muscles. The tubules diverged from the ampullae and continued toward the anterior mesentery, devoid of tracheoles. The cells that were part of this structure were arranged in the form of a bead collar with centralized nuclei (Figure 1(a) ).
The ampullar region contained cells with a basal lamina, numerous labyrinth-like invaginations in the plasma membrane, and centrally positioned nuclei. Electron-dense mitochondria were observed in the basal and apical regions, with the apical surface containing microvilli that were in contact with the lumen (Figure 2(e) ).
The Malpighian tubules in the rectal region lacked hemocytes and showed numerous tracheoles (Figure 2(a) ). The tracheoles allowed the Malpighian tubules to attach to each other, as well as to the perinephral membrane and the rectum, thus forming the cryptonephridium (Figure 2(b) ). In this region, two types of cells constitute the tubules; one cell type contains a small cytoplasm and few mitochondria, which characterizes absorption cells. The typical primary or secretory cells were characterized by a large cytoplasm, microvilli, and extensive and well-developed basal invaginations (Figure 3(b) ). 
Parasitized Larvae
The parasitized larvae showed a significantly higher number of hemocytes and teratocytes attached to the Malpighian tubules (Figure 1(b), Figure 1(c) , and Figure 1(f) ). In the broken tubules, tracheoles, basal membranes, microvilli, and secretory vesicles were observed (Figure 1(e) ). At day 9 of parasitism, the C. flavipes larvae were attached to the Malpighian tubules and hemocytes were observed on the parasitoid (Figure 1(d) ). Tracheoles were attached to the basal lamina, whereas labyrinth-like basal invaginations, electron-lucent vacuoles, polymorphic mitochondria across the cytoplasm, and centrally positioned nuclei were evident (Figure 2(f) ). In the Malpighian tubules of larvae at day 5 of parasitism, the perinephral membrane and the cryptonephridium formed a compact structure in the rectal region (Figure 2(c) ). Moreover, vesicles in the lumen, basal invaginations, and glycogen granules spread across the cytoplasm were observed (Figure 3(c) ). The cells of the Malpighian tubules from days 5 and 9 of the parasitized larvae showed myelin bodies and vacuole-containing mitochondria (Figure  3(d) ). At day 9 of parasitism, teratocytes were observed between the perinephral membrane and the Malpighian tubules, which formed the cryptonephridium (Figure 2(d) ). The presence of an intercellular space where globular and stretched vesicles could be found suggested the occurrence of paracellular transport (Figure 3(e) ). Stick-shaped microvilli were also observed, with some containing mitochondria and myelin bodies (Figure 3(f) and Figure 3(g) ).
Discussion
Similar to the majority of the Lepidoptera, the Malpighian tubules of D. saccharalis larvae have been extensively described [2] [27] . The cryptonephridium, which can be found at the end of the rectum, is responsible for the reabsorption of water and salts, thus allowing the maintenance of homeostasis [2] [28] [29] . The fusion of two tubules could be observed on the wall of the rectum [30] .
The larvae of D. saccharalis have Malpighian tubules that were comprised of two types of cells that can be found in both the rectal and the ampullar regions: primary or secretory cells and reabsorption cells. The primary cells have centrally positioned nuclei, labyrinth-like and well-developed basal invaginations containing numerous mitochondria, and microvilli in the apical region that come in contact with the lumen. Mitochondria can also be found within the microvilli. This characteristic of the primary or secretory cells has been described for various insect orders, including Coleoptera [31] , Díptera [32] [33], Hemiptera [34] and Hymenoptera [6] .
The cytoplasm of the primary cells contained electron-dense vesicles, vacuoles, and vesicles protruding into the lumen with material from the hemolymph. Myelin bodies could be observed in the microvilli of parasitized cells, which have resulted from the elimination of cellular residues or organelles [35] . However, mineral formations such as those described in other organs [9] [19] [21] [36] were not observed in the Malpighian tubules of D. saccharalis.
Maddrell [7] previously suggested that the main function of the Malpighian tubules was to transport fluids from the hemolymph to the lumen. In addition to passive transport, it has also been suggested that Malpighian tubules are involved in H + -ATPase-mediated active transport [16] , which is in agreement with the high number of mitochondria and tracheoles observed in D. saccharalis. No tracheoles were found attached to the D. saccharalis Malpighian tubules; however, glycogen deposits were observed in the cytoplasm, and mitochondria could be found inside the microvilli. These polymorphic, electron-dense organelles were observed in larval cells up to day 5 of parasitism. In some cells, mitochondria showed vacuoles and loss of the matrix, which indicated degeneration, as described by [20] for the mid-intestinal cells of D. saccharalis parasitized by the same parasitoid.
Blunn [36] previously described different trans-epithelial transport mechanisms, namely through the cytoplasm, with and without vesicles, or through the intercellular spaces. In the rectal region of D. saccharalis at day 9 of parasitism, inter-membrane spaces were observed, which indicated that paracellular movement of small vesicles played a role in the excretion of toxins, as suggested by [13] for other insects. The paracellular transport observed in different species was undetected in resting cells [37] - [39] .
In addition to fluid transport from the hemolymph to the tubules and later to the rectum, the Malpighian tubules are also responsible for the reabsorption of water and salts for homeostasis maintenance. This is the role of the reabsorption cells, which showed smaller cytoplasm, fewer microvilli, and larger lumen, thus allowing the rapid passage of fluids [11] [28] [31] . In D. saccharalis, the reabsorption cells in the ampullar and the rectal regions, where the cryptonephridium is located, showed an increase in reabsorption capacity [40] .
Koinobiontparasites lead to alterations in the host hemolymph composition, the endocrine system, and the immunological system. However, the maintenance of the integrity of the host organs is paramount for the life cycle of the parasitoid [41] [42] . In D. saccharalis parasitized by C. flavipes, no morphological alterations were detected in the Malpighian tubules and the ampullae, except for the presence of hemocytes and teratocytes. These data confirm that C. flavipes, which is a koinobiont, gregarious endoparasite with regulatory activities, is capable of manipulating the host's physiology for its benefit [43] - [45] . The activity of the parasitoid may be influenced by a decrease in the number of hemocytes, alterations in the diet, host metamorphosis, non-encapsulation, and nodulation [46] .
The manipulation of the host physiology and biochemistry occurs through venom secretion, ovarian proteins, and symbiotic viruses such as the polydnavirus that is injected together with the eggs during oviposition. As a surviving strategy inside the host, the parasitoids release cells derived from the extra-embryonic tissue or the teratocytes [47] - [49] . D. saccharalis larvae parasitized by C. flavipes were compared with non-parasitized larvae and an initial increase in the number of hemocytes adhering to the Malpighian tubules, the intestine, and the parasitoid bodies was observed. According [50] , the host immune response and the number of hemocytes decreased as the parasitoid developed. Nunes and Gregório [51] showed that C. flavipes induces ultra-structural modifications in one type of D. saccharalis hemocyte, the oenocyte, which can affect the defense mechanisms of the host due to the production/activation of the prophenoloxidase system.
In D. saccharalis, teratocytes were observed mainly in the rectal region at day 9 of parasitism. The number of teratocytes can change depending on the extent of degeneration and on the nutrient consumption by the parasitoid [52] , as these cells contribute to the maintenance of the endoparasite [53] .
No polydnaviruses were observed in the Malpighian tubules of parasitized D. saccharalis larvae, possibly because this organ was not a target of this virus [17] , whereas they were detected in A. gemmatalis parasitized by a baculovirus and in Bombyx mori infected by a nucleopolyedrovirus [53] .
